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Using variable-energy positron annihilation spectroscopy, we demonstrate that a different near-surface vacancy
concentration accompanies drastic differences in surface resistance of superconducting niobium cavities for
particle acceleration. Our data suggests that vacuum baking at 120◦C leads to the doping of a near-surface
layer with vacancy-hydrogen complexes, and that higher vacancy-type defect concentration distinguishes
electropolished from chemically etched cavities. Our findings may help to explain a strong dependence of
cavity performance on heat and chemical treatments, and may be of interest to other physics fields including
cavity QED, microresonators, and single photon detectors.

The microwave surface impedance of superconduc-
tors1,2 describes the absorption and reflection of elec-
tromagnetic waves at the surface. Among conventional
superconductors, the surface impedance of niobium has
received much attention lately due to its importance for
superconducting cavities for particle acceleration3,4, mi-
croresonators5, cavity QED6, and single-photon detec-
tors7. Although operated in different temperature and
field regimes, the common unresolved problem for the
applications above is the nature of defects within the
magnetic penetration depth λ ∼ 40 nm and their ef-
fect on surface impedance. Such defects, including va-
cancies, dislocations, and interstitial and substitutional
impurities are unavoidable but their type and concen-
tration may be altered by different heat and chemical
treatments. Therefore, for effective niobium surface en-
gineering and to elucidate the underlying physics it is of
immense value to gain an understanding of the processes
involved in various treatments, especially so for the ones
with a strong effect on surface impedance.

Of particular importance for superconducting radio
frequency (SRF) cavities for particle acceleration is the
real part of the impedance - surface resistance Rs,
which determines the required cryogenic power and lim-
its achievable accelerating gradients. Surface treatments
on SRF niobium cavities developed over the past decades
provide excellent reproducibility4,8 and their effect on the
average Rs has been firmly established. Yet the underly-
ing physics is not clear, which is the subject of our work.

State-of-the-art treatments to sustain the highest sur-
face magnetic fields in SRF cavities include electropol-
ishing (EP), buffered chemical polishing (BCP), and a
so called “mild baking” (MB). Mild baking is annealing
of a cavity in vacuum at 90-120◦C for 48 hours, which,
when applied to electropolished or chemically etched nio-
bium, drastically changes both the low field value of
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the microwave surface resistance Rs and its field de-
pendence9–13. A large number of structural investiga-
tions were performed to gain better understanding of the
effect14, yet the underlying mechanisms governing the
changes are still elusive. Such previously investigated
mechanisms include surface roughness15, oxygen diffu-
sion16,17, and magnetic impurities in the oxide18. How-
ever, experimental evidence for these mechanisms is con-
tradictory hinting that they may only play a secondary
role. The latest experiments19–21 and theoretical propos-
als22 suggest that dislocations, vacancies, and vacancy-
hydrogen complexes may be the primary defects whose
presence and evolution is behind the variations in the Rs

caused by different treatments.

In this Letter we present direct evidence of the effect of
near-surface vacancy-type defects on the superconduct-
ing surface resistance of niobium, obtained by variable
energy positron annihilation spectroscopy (VEPAS) on
samples with measured Rs(B) in the superconducting
state. Using rf characterized samples directly cut from
cavities distinguishes our findings from previous investi-
gations on niobium and allows us to avoid ambiguities
introduced by otherwise unavoidable differences in the
processing history between samples and cavities. By per-
forming subsequent treatments on such samples we com-
pare the corresponding surface resistance changes with
the evolution of the defects.

In order to directly connect the defect structure to
the rf performance, the best and most straightforward
way is to perform temperature mapping measurements
on state-of-the-art superconducting RF cavities followed
by dissection of areas of interest from the walls and sub-
sequent nanostructural investigations on the extracted
samples. Such an approach has been proven to be ex-
tremely useful by past investigations20,23, and we follow
the same methodology here. Areas of extraction for sub-
sequent VEPAS studies were identified by temperature
mapping of cavity walls during rf measurements. Some
samples underwent further treatments (BCP, MB) after
extraction to replicate cavity processing before VEPAS
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data were obtained. Parameters of the cavities and cor-
responding samples are listed in Table I. Below we sum-
marize details of the rf and temperature mapping mea-
surements.

We used three different elliptical cavities made of high
purity niobium for our studies: two fine grain (∼50 µm)
cavities of TESLA shape24 with the fundamental TM010

mode at the resonant frequency f0 = 1.3 GHz, and one
large grain (∼10 cm) cavity of Mark-III shape with
f0 = 1.5 GHz. Fine grain cavities were electropolished
for ≥ 120 µm material removal, and one of the cavi-
ties was additionally baked under vacuum at 120◦C for
48 hours. The large grain cavity was chemically pol-
ished (BCP) instead of electropolishing. Before rf mea-
surements all cavities were high pressure water rinsed,
which is a standard treatment to avoid field emission
caused by microparticles. Using standard phase-lock
techniques25 the intrinsic quality factor Q0 ∝ 1/R̄s(
R̄s =

ωµ0

∫
V
H2dV∫

A
Rs(H)H2dA

)
was measured for each of the cavi-

ties at 2 K as a function of the peak surface magnetic field
Bpeak. Fig. 1a shows corresponding excitation curves
Q0(Bpeak) for both fine grain cavities. The Q0(Bpeak)
curve for the large grain cavity was similar to the un-
baked fine grain cavity.

A custom-built temperature mapping system similar
to that described in26 was attached to the outside of the
cavity walls during the measurements. Spatial maps of
the temperature difference ∆T = Ton − Toff with and
without rf power in the cavity were obtained at differ-
ent rf field levels. Such ∆T is proportional to the local
power dissipation Pc ∝ Rs(H)H2, where Rs(H) is the lo-
cal surface resistance, and H is the local magnetic field.
In Fig. 1f the magnitude of the local magnetic field at
each sensor location and characteristic temperature maps
are shown for baked and unbaked fine grain cavities at
the same Bpeak = 119 mT. Individual ∆T (B) for sam-
ples 1-EP and 3-EP-MB circled on the maps are shown
in Fig. 1b. Samples 2-EP and 6-BCP had ∆T (B) curves
of the shape similar to 1-EP, and that for 4-BCP would
be expected to be the same. All mild baked samples
(1-EP-MB, 2-EP-MB, 5-BCP-MB, and 7-BCP-MB) are
characterized by the rf behavior similar to 3-EP-MB as
known from previous studies.

In VEPAS positrons are implanted into a sample with
energies E between 0.25 and 30 keV. These energies dic-
tate the positron implantation profile enabling depth pro-
filing from the surface to a depth dependent principally
on the materials density. Implanted positrons rapidly
thermalize and diffuse to either annihilate from the freely
diffusing state or become trapped in vacancy-type defects
and interfaces, finally annihilating with the emission of
two approximately anti-collinear 511 keV γ-rays. The
momentum of the electrons at the annihilation site causes
the 511 keV line to broaden; this broadening is measured
using a high-purity Ge detector and characterized us-
ing the S and W parameters defined as the fraction of
the annihilation line in the central and outer regions, re-

spectively. The S parameter has a characteristic value
for each type of annihilation site including vacancy-type
defects. Vacancy-type defects result in an elevated S
parameter due to reduced overlap of the positron wave-
function with high momentum core electrons. Analysis
of S as a function of incident positron energy, S(E), can
provide depth-dependent information. Plots of S versus
W can be used to examine individual annihilation states
within the material27.

S(E) plots for BCP samples (6-BCP, 7-BCP-MB, 4-
BCP, 5-BCP-MB) are shown in Fig. 2a and the near-
surface response in the inset. In what follows the S pa-
rameter values are normalized to the bulk value in 7-
BCP-MB. The mean depth (zm) scale is obtained us-
ing the approximate expression zm = 4.7E1.6 nm, with
E in keV. The data indicate an increase in the S param-
eter for positron energies E ≤ 4 keV as the only result
of a 120◦C bake. Corresponding S-W plots in Fig. 2b
provide evidence that the change in response at low E
is not measurably different from that to defects deeper
inside the sample, since the S,W points lie, to within
uncertainties, on the same line joining defected to un-
defected niobium states. Various positron ‘states’ such
as different defect species result in characteristic annihi-
lation lineshapes, and therefore characteristic S and W
values. Points lying along a straight line in an S-W plot
are typically representative of a single defect species with
varying concentration.

S(E) profiles for EP samples (1-EP, 2-EP, 3-EP-MB)
are shown in Fig. 3 and the near-surface response in the
inset. Higher S parameters than in BCP samples are
observed before mild baking throughout all the positron
energies E ≤ 30 keV, corresponding to a depth of up to
about 1 µm. Two extra peaks in S at about 8.5 and
15 keV distinguish the responses of 1-EP and 2-EP. An
S-W plot for these data, not shown, shows that all these
high S points lie on the same line shown in Fig. 2b, ex-
trapolated beyond its top left corner. Baking results in a
decrease of S(E) for all energies, including the removal of
the extra peaks, and S-W moves along the line towards
the bulk Nb response at (1,1) although not approaching
it as closely as for the BCP samples in Fig. 2b.

For interpretation of our results it is important to con-
sider the vacancy-hydrogen interaction. It has been dis-
covered28 that, in the presence of hydrogen, the vacancy
formation energy in many metals is strongly lowered.
The phenomenon was named “superabundant vacancies”
(SAV)29,30 and has been found in many M-H systems. V-
H complexes were also observed in large concentrations in
H-loaded niobium31,32. Theoretical calculations show33

that the number n of hydrogen atoms trapped at each of
the vacancies in niobium may range from one to six and
the S parameter response in Doppler broadening PAS of
V-nH complexes is a function of n. Higher n corresponds
to lower S due to the lower effective open volume avail-
able to positrons. Furthermore, V-H complexes can be
introduced into Nb by diffusion from the surface at ele-
vated temperatures34. Such diffusion was found to hap-
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pen via “fast” and “slow” processes, believed to be due
to diffusion along dislocations and to bulk diffusion.

With regard to the present studies, near-surface hydro-
gen segregation has been experimentally observed23,35 on
similar samples. Hence, V-H formation should be ener-
getically favorable if kinetics allow. It is therefore plau-
sible that the S parameter increase at E ≤ 4 keV after
baking in the BCP samples 5-BCP-MB and 7-BCP-MB,
as compared to the unbaked 4-BCP and 6-BCP in Fig. 2,
can be attributed to V-H complexes introduced by diffu-
sion from the surface - let us call it process I.

In the electropolished samples the situation appears
to be more complicated. Higher S(E) in 1-EP and 2-
EP (Fig. 3) compared to BCP samples in Fig. 2 may be
attributed to open-volume defects introduced by the EP
treatment itself. As a result of baking, the S parameter
at all E up to 30 keV is decreased (1-EP-MB, 2-EP-MB,
3-EP-MB in Fig. 3) and, furthermore, a change in the
shape of S(E) at the lower energies is observed (see inset,
Fig. 3) similar to BCP samples. Under the assumption
that EP-introduced defects are also of the V-nH type, the
extended S(E) decrease may be caused by the increase in
H occupancy n, which, as discussed above, leads to the
decrease in S. Then a characteristic upward change in
the shape of S(E) at lower energies E (see inset, Fig. 3)
may be possibly explained by the simultaneously present
inward V-H surface diffusion process, consistent with ob-
servations on BCP samples.

Several conclusions can be made from our studies with
regard to SRF cavities.

Most importantly, the superconducting surface resis-
tance of the investigated samples strongly correlates with
the shape of the S(E) curve. More specifically, the pres-
ence of a near-surface layer rich in V-type defects of a
particular kind, arguably V-H complexes, leads to the
absence of a strong rf dissipation at high magnetic fields.
Doping of a thin surface layer of ∼ 50 nm with stable V-H
complexes may therefore be a major mechanism behind
mild baking.

Our observations fit within the recently proposed22 hy-
pothesis of nanohydrides, which states that interstitial
hydrogen segregated near the surface can form small nio-
bium hydrides upon cooldown to typical cavity operating
temperatures below 4.4 K. Such hydrides are only super-
conducting by proximity effect and may cause the high
field degradation of surface resistance. In22 V-H com-
plexes are considered as possible nucleation centers for
hydrides when there is high concentration of unbound
hydrogen available. Here we consider another possibil-
ity that the number of V-H complexes is high enough
to trap most of hydrogen. Similarly to impurity trap-
ping that has been shown to prevent the formation of
hydrides in cavities made out of dirty, low residual re-
sistivity ratio (RRR) niobium36, vacancies introduced by
baking may trap near-surface interstitial hydrogen and
suppress niobium hydride formation. Such trapping will
lead to a change in primary electron scattering centers
at low temperatures (scattered H vs. NbHx lumps) lead-

ing to a lower electron mean free path after mild baking
found from BCS theory modeling of low field surface re-
sistance10 and, more recently, by direct µSR investiga-
tions of Meissner screening37.

Finally, our findings may help in understanding the
superiority of EP over BCP in fine grain cavities4. Both
higher onset fields of strong dissipation before baking and
an improved mild baking efficiency may be related to the
pre-existing vacancies introduced by the EP process it-
self. These vacancies may trap some fraction of intersti-
tial H atoms lowering the number of H atoms available for
hydride precipitation upon cooldown leading to smaller
hydride sizes translating into higher field onset of strong
losses. Same vacancies can trap more H during mild bak-
ing, while in the BCP case all V-H complexes have to be
introduced by diffusion.

In summary, we have demonstrated how the near-
surface vacancy structure in niobium is changed by chem-
ical and mild heat treatments and shown how these
changes correlate with surface resistance in the supercon-
ducting state. The results reveal a strong connection be-
tween V-H complexes in the magnetic penetration depth
and rf dissipation in superconducting niobium cavities.
Additionally, our findings suggest that possible presence
and effects of V-H complexes may be a yet unrecognized
contribution in other applications relying on surface su-
perconductivity of niobium.
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FIG. 1. (a) Results of Q0(Bpeak) measurements on fine grain electropolished cavities before and after mild baking; (b) individual
∆T (B) for samples 1-EP and 3-EP-MB; (c) temperature mapping boards attached to the outside cavity walls; three boards
are removed for demonstration purposes; (d) single individual board with sensor numbering; (e) schematic showing how angle
is measured around the rotational cavity axis; 36 boards are uniformly spaced with 10◦ separation; (f) local magnetic field B
at sensor locations and unfolded temperature maps of ∆T ∝ Rs for unbaked and baked fine grain electropolished cavities at
Bpeak = 119 mT.
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TABLE I. List of cutout samples investigated with VEPAS.

Grain size Cavity/sample treatment a Sample name Microwave dissipation
50 µm EP 120 µm 1-EP Strong increase from ∼ 100 mT (Fig. 1b)
50 µm Nb-310-10 + MB 1-EP-MB Not measured
50 µm EP 120 µm 2-EP Mild increase from ∼ 100 mT
50 µm Nb-240-10 + MB 2-EP-MB Not measured
50 µm EP 120 µm + MB 3-EP-MB Low up to 160 mT (Fig. 1b)
50 µm EP 120 µm + BCP 50 µm 4-BCP Not measured
50 µm EP 120 µm + BCP 50 µm + MB 5-BCP-MB Not measured
∼ 10 cm BCP 120 µm 6-BCP Strong increase from ∼ 100 mT
∼ 10 cm BCP 120 µm + MB 7-BCP-MB Not measured

a EP = electropolishing, BCP = buffered chemical polishing, MB = mild baking - vacuum bake at 120◦C for 48 hours.
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